death genes are involved in death of different cell types and that a given cell may activate distinct death pathways when triggered to die by different stimuli (Pettmann and Henderson, 1998). One striking example of the former concerns Bax, a Bcl-2 family member which ). This system provided a means for studying signal-
We prepared extracts of motoneurons treated or not save ‫%05ف‬ of motoneurons from death induced by trophic deprivation (data not shown). with sFasL and performed Western blot analysis using specific antibodies to phosphorylated forms of p38 and We next investigated whether p38 was acting in the novel pathway involving nNOS. Inhibiting p38 activity JNKs (46 and 54 kDa) (Figure 2A ). By densitometric scanning, we found a modest but reproducible increase by 5 M SB203580 strongly inhibited nNOS upregulation following Fas activation ( Figure 2D ). Moreover, exoge-(2.9 Ϯ 0.8-fold, mean Ϯ range, n ϭ 2) in relative levels of phospho-p38 following Fas activation but no change nous NO (20 M) restored the Fas killing effect in the presence of 5 M SB203580 (data not shown). Thus, one in the levels of phospho-JNK ( Figure 2B ).
To confirm the functional significance of p38 activaprincipal role of p38 in these conditions is to enhance NO production. tion, we tested the ability of different doses of the inhibitor SB203580 to inhibit Fas-triggered motoneuron death. Low concentrations (5 M) of SB203580 block Fas-Mediated Death Requires Signaling through Daxx-ASK1-p38 p38 selectively, whereas higher concentrations (30 M) block both p38 and JNK (Le-Niculescu et al., 1999).
We next investigated Fas signaling upstream of p38. One of the MAPK kinase kinases (MAP3K) that can conFas-induced death was blocked completely by 5 M SB203580, and as many as 65% of Fas-sensitive mototrol p38 activation is the apoptosis signal-regulating kinase 1 (ASK1) (Tobiume et al., 2001 ). Since no specific neurons were saved even by 10-fold lower concentra-pension were briefly preincubated with the DNA to be plasmids were transfected, the efficacy of coelectroporanti-Fas ϩ DETA ϩ L-NAME 98 3.8 ation was 95% Ϯ 3% (mean Ϯ range, n ϭ 2; Figure 3A ). enzyme (ASK1-K709R; [Saitoh et al., 1998 ]). Whereas overexpression of wild-type ASK1 had no effect on Fasinduced death, overexpression of ASK1-K709R provided complete protection ( Figure 3B ). These results inhibitors are available for ASK1, we needed to use a make ASK1 an excellent candidate for the control of dominant-negative approach. To overcome the relative p38 activation in these conditions. refractoriness of motoneurons to standard transfection Daxx is a Fas-associated protein that has been implimethods, we developed a novel electroporation method cated in Fas signaling in some cell types and can act for transducing purified motoneurons. As described in Experimental Procedures, purified motoneurons in susupstream of ASK1 (Chang et al., 1998). In order to deter- Further evidence for interactions between signaling motoneuron death was completely prevented, suggesting that the FADD-caspase-8 and Daxx/p38 pathpathways is provided by data in Figure 1E and Table 1 . NO alone did not trigger peroxynitrite production or cell ways act synergistically. Taken together, these findings demonstrate that, in order to trigger motoneuron cell death. However, when Fas was activated but prevented from triggering endogenous NO production by addition death, Fas needs to activate, in addition to the classical FADD-caspase-8 cascade, a novel pathway leading of L-NAME, exogenous NO led both to peroxynitrite production and to cell death. Thus, parallel Fas signaling through activation of Daxx, ASK1, and p38 to transcriptional upregulation of the nNOS gene ( Figure 9 ). mechanisms are required for NO to be toxic in normal motoneurons. These must be either upstream of or independent from caspase-8, since IETD did not reduce FasCellular Specificity of the Involvement of Nitric Oxide in Fas-Triggered Cell Death induced peroxynitrite production.
Given these interactions, we looked for survival differSince the Daxx/Ask1/p38/nNOS pathway ( Figure 9 ) had not been previously described, we looked for upregulaences in conditions in which only one or both pathways were activated. We analyzed motoneuron survival 4 tion of nNOS in other cell types sensitive to Fas activation in the absence of transcriptional inhibitors. When days after Fas-agonist addition (at 5 DIV), i.e., 2 days later than in all previous experiments. Under these con-3T3 Swiss fibroblasts were treated with agonistic antiFas antibody without actinomycin D, about 20% of the ditions, single inhibitors had no or only modest effects on Fas-induced death ( Figure 4F ). However, when the cells died after 6 hr of treatment ( Figure 5A ), and as pathway is the induction of nNOS. However, addition To study the sensitivity of mutant motoneurons to Fas of NO is not itself sufficient to trigger death of normal activation, anti-Fas antibody was added to cultures after motoneurons (Table 1 and Estevez et al., 1999). We 16 hr at final concentrations between 0.01 and 100 ng/ asked whether this might be different in mutant motoml, and survival was determined 2 days later. Treatment neurons. Mutant and control motoneurons were culof G93A mutant motoneurons with maximal concentratured for 16 hr in the presence of neurotrophic factors, tions of anti-Fas antibody led to death of the same fracexposed to increasing concentrations (1-20 M) of the tion of motoneurons (40%-50%) as in control cultures. nitric oxide donor DETANONOate, and counted 1 day However, the dose-response curve was different. At inlater. In striking contrast with control motoneurons, termediate levels of Fas activation (0.1-1 ng/ml anti-Fas about 30% of mutant G85R and G93A motoneurons antibody), the number of surviving G93A motoneurons were triggered to die at 5 M DETANONOate and about was significantly lower than that of control motoneurons 50% at 20 M DETANONOate (Figures 8B and 8C) . Thus, activation of the NO pathway at two different levels ( Figure 7A ). Similar observations were made using G85R In vivo pathology in mutant SOD1 mice is relatively purified from these mice show a specifically exacerbated response to exogenous Fas agonists and NO. selective for motoneurons. In order to confirm that increased Fas and NO sensitivity in vitro was similarly Thus, although involvement of the NO pathway in vivo remains to be confirmed, our findings provide a rationale cell type specific, we prepared cultures from different tissues of control, mutant, and wt SOD1 mice ( al., 1998). In these cells, caspase-3 is activated as a tempting to speculate that during evolution, the transcriptionally regulated NO pathway has been grafted result of cytochrome c release from mitochondria. Hemizygous G85R embryos were obtained from crosses between male G85R mice and female C57BL/6 mice, and age-matched C57BL/6 embryos were used as controls. Other Cell Cultures and Apoptosis Assays Swiss 3T3 cells were maintained in DMEM medium (Gibco BRL) purified motoneurons per spinal cord was equivalent. After seeding, motoneuron survival in the absence of Fas activation remained consupplemented with 10% fetal-calf serum and 1% penicillin-streptomycin. Cells were plated on 24-well plates and cultured to near stant between 1 and 3 DIV. In these conditions, no significant survival differences at 3 DIV were found in a retrospective analysis of 36 confluency prior to treatment with IETD-fmk, L-NAME, or MnTBAP, which were added to the culture medium 2 hr prior to addition of parallel motoneuron cultures from controls (set to 100%) and mutants: G93A (107% Ϯ 7%, mean Ϯ SEM, n ϭ 16), G37R (93% Ϯ agonistic anti-Fas antibody (JO2) at 100 ng/ml. Cell survival was measured using the MTT assay (Manthorpe et al., 1986). 11%, n ϭ 4), G85R (97% Ϯ 17%, n ϭ 9), and wt SOD1 (109% Ϯ 7%, n ϭ 7). Thus, the purification and culture procedures employed Thymocytes were prepared from P5 mouse thymuses as described (Fisher et al., 1996) 
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